ABSTRACT: Oligohistidine affinity tags (His-tags) are commonly fused to proteins to aid in their purification via metal affinity chromatography. These His-tags are generally assumed to have minimal impact on the properties of the fusion protein, as they have no propensity to form ordered elements, and are small enough not to significantly affect the solubility or size. Here we report structures of two variants of truncated green fluorescent protein (GFP), i.e., split GFP with a β-strand removed, that were found to behave differently in the presence of light. In these structures, the N-terminal Histag and several neighboring residues play a highly unusual structural and functional role in stabilizing the truncated GFP by substituting as a surrogate β-strand in the groove vacated by the native strand. This finding provides an explanation for the seemingly very different peptide binding and photodissociation properties of split proteins involving β-strands 10 and 11. We show that these truncated GFPs can bind other non-native sequences, and this promiscuity invites the possibility for rational design of sequences optimized for strand binding and photodissociation, both useful for optogenetic applications.
■ INTRODUCTION
Oligohistidine affinity tags (His-tags) are widely used as fusion tags to aid in the purification of proteins of interest via immobilized metal affinity chromatography. 1 Typically placed at the C-or N-terminal ends of these fusion proteins, His-tags are generally assumed to be functionally benign, as they have no propensity to form ordered elements, and are small enough not to significantly affect the solubility or size of the attached protein. 2 A PDB-wide survey 3 found over 16 000 structures with His-tags reported in their SEQRES records. Most His-tags are unstructured, while in about 6% of these structures, all or part of the His-tag is found in the final refinement model. The presence of the His-tag yielded no consistent impact on the structure of the fused protein. Here we report structures of two variants of truncated green fluorescent protein (GFP), 4, 5 i.e., split GFPs with a β-strand removed, that were thought to behave distinctly in the presence of light. In these structures, the N-terminal His-tag and several adjacent residues play the highly unusual structural and functional role of stabilizing the truncated GFP by substituting as a surrogate β-strand in the groove vacated by the native strand.
In contrast to the more common method of forming split GFP, where the complementary pieces (typically fused to proteins whose interaction is of interest) need to assemble before chromophore maturation takes place, Kent and coworkers 6, 7 generated an intact GFP with a mature chromophore, along with a sacrificial loop that can be cleaved, allowing for separation of the structural element of interest (e.g., a β-strand or the central helix). Utilizing this method, Kent and Boxer prepared and characterized a variant of Superfolder GFP 8, 9 with its C-terminal 11th β-strand removed 10 ( Figures  1A and 2A , hereafter the "strand 11 system"). Owing to the proximity of the N-terminus to the C-terminus, GFP can be circularly permuted 11 by genetic fusion of the native termini and formation of new termini at another point in the primary sequence. Do and Boxer prepared and characterized a circularly permuted variant of Superfolder GFP with its 10th β-strand removed 12, 13 (Figures 1B and 2B, hereafter the "strand 10 system"). Topological representations for these proteins are given in Figure 1 along with a description of the general and compact notation used to describe this family of split GFPs.
Both the split strand 10 and 11 systems exhibit novel photochemical properties that appear to be very different, a surprising result given the overall similarity of their topology ( Figure 1 ). Preparation of H6:GFP:loop:s11 ( Figure 2A , see Figure 1 for nomenclature) by loop cleavage, denaturation, separation by size, refolding, and thermal relaxation results in a stable truncated protein which remains soluble up to low millimolar concentrations. This truncated protein has its own characteristic absorption spectrum distinct from that of intact H6:GFP:loop:s11, 10 and a relatively high fluorescence quantum yield (lower by a factor of 3 compared to intact H6:GFP:loop:s11). The isomerization state of the chromophore in this truncated protein was proposed to be the uncommon trans state (usually the more stable state is cis), assigned by comparison of preresonance Raman spectra to that of model chromophores. 14 This truncated construct does not rebind added synthetic strand 11 (s11) spontaneously in the dark; however, exposure to light generates a species that is receptive to exogenous strand 11 binding from solution. In the absence of added peptide, light activated H6:GFP:loop:s11 is prone to aggregation above ∼10 μM concentrations. 10 Prepared in the same manner, H6:s10:loop:GFP ( Figure 2B ) results in a truncated protein which is prone to aggregation above ∼10 μM. This truncated protein also has a characteristic absorption spectrum different from intact H6:s10:loop:GFP, and a much lower fluorescence quantum yield (lower by a factor of 30 compared to intact H6:s10:loop:GFP). 12 This construct readily reassembles with added synthetic strand 10 (s10) in the dark to form s10•H6:s10:loop:GFP. Furthermore, the reassembled s10•H6:s10:loop:GFP was shown to undergo light driven strand exchange in the presence of excess replacement peptide (s10 203Y was used to generate yellow fluorescent protein). 12 This process also occurs very slowly in the dark, because the spontaneous off-rate of strand 10 is very slow. In comparison, the spontaneous off-rate of strand 11 from reassembled H6:GFP:loop:s11•s11 in the presence of excess replacement peptide (s11 222Q was used to generate a color shifted mutant) is effectively zero. 10 In summary, the strand 11 system, H6:GFP:loop:s11, undergoes light-driven photoassociation, while the strand 10 system, H6:s10:loop:GFP, undergoes light-driven photodissociation, but the origin of this difference was entirely unclear despite detailed kinetic analysis for both species.
■ RESULTS AND DISCUSSION
His-Tag Stabilization of Truncated GFPs. In order to understand the origin(s) of the differences between these two seemingly similar systems, we attempted to investigate their structures directly using X-ray crystallography. We focused first on the strand 11 system, H6:GFP:loop:s11, due to its favorable solubility. Since it is often the case that extraneous residues may hinder crystallization, 15 we cleaved off the H6 by restoring the cleavage site between the H6 and the start of GFP ( Figure 1A ; see sequence in Supporting Information S.1), but found that the resultant H6:GFP:loop:s11 was prone to aggregation above ∼10 μM and displayed a red-shifted UV−vis absorption spectrum compared to H6:GFP:loop:s11 ( Figure S4 ). This suggests that the His-tag is not a neutral actor as previously thought, and we hypothesized that it may have a functional role in stabilizing the truncated protein, H6:GFP:loop:s11. Extending this to the strand 10 system, an alternative circular permutant was made with strand 10 at the other terminus ( Figure S1 ), such that the His-tag is retained when strand 10 is removed. We found that H6:GFP:loop:s10 is a truncated protein that is soluble to low mM without aggregation, has a different UV−vis absorption spectrum, higher fluorescence quantum yield, and displays slower peptide rebinding kinetics in the dark compared to H6:s10:loop:GFP ( Figures S2 and S3 ). These observations suggest that the His-tag is playing a key role in stabilizing these truncated proteins and slowing or preventing peptide binding.
X -r a y S t r u c t u r e s . T h e c r y s t a l s t r u c t u r e o f H6:GFP:loop:s11 was solved by molecular replacement using the original Superfolder GFP structure (PDB ID: 2B3P 9 ) as a search model. During model building, the replacement model Figure 1 . Strand topology of (A) the strand 11 system 10 and (B) the strand 10 system. 12, 13 The colored strands 7 (orange), 10 (blue), and 11 (red) have amino acids that make important contacts with the phenol moiety of the chromophore, which is on the central helix (ih, green). The loop containing a proteolytic cleavage site for splitting the protein is shown in magenta (and the cut site shown with scissors). Note that the His-tag (black) is retained in (A), but removed along with strand 10 in (B) using the procedure shown in Figure 2 ; additional cleavage sites that selectively remove the His-tag are discussed in the text. The general compact notation is as follows: labels describe elements (delineated by colons) progressing from N-terminus to C-terminus when read from left to right; H6 refers to the Nterminal hexa-histidine affinity tag along with several adjacent residues that make up the thrombin recognition sequence; specific β-strands in the GFP β-barrel are denoted sX, where "X" is the number of the strand in question while "loop" refers to a loop (magenta) with proteolytic cleavage sites; "GFP" refers to the remainder of the protein; a strike through an element indicates that element has been removed; added synthetic elements are underlined; a dot (•) is used to indicate a noncovalent interaction; a superscript is used to highlight the numbered residue, and, if applicable, a subsequent letter indicates the mutation of said residue to the indicated amino acid. For example, s11 222Q •H6:GFP:loop:s11 denotes a synthetic β-strand 11 peptide carrying the mutation at residue 222 (from E) to Q, noncovalently bound to GFP with an N-terminal His-tag, and with its original Cterminal strand 11 and loop removed. Full DNA and protein sequences are in Supporting Information S.1. Figure 2 . Preparation and photochemistry of the strand 11 and strand 10 systems. (A) H6:GFP:loop:s11 is prepared by proteolysis of a sacrificial loop inserted between strand 11 and the rest of GFP (step 1), and removal of strand 11 by denaturation in 6 M guanidinium-HCl, separation of H6:GFP:loop:s11 from the strand 11 peptide by size exclusion chromatography, and refolding via rapid dilution into nondenaturing buffer (step 2). This construct does not bind to strand 11 peptide in the dark, but does rebind strand 11 after light activation (step 3). (B) H6:s10:loop:GFP prepared analogously (steps 1 and 2) spontaneously reassembles with strand 10 peptide in the dark (step 3), and this reassembled complex can undergo strand exchange upon light activation (step 4). Colors reflect strand colors in Figure 1 , not particular spectral features, which are discussed in the text.
was truncated to remove strand 11; however, the electron density along the groove was consistent with the presence of another β-strand coming in from the opposite side. Building backward from the beginning of GFP, we could place nearly all 25 residues that made up the N-terminal His-tag and thrombin cleavage loop that was fused to GFP. Since these residues are upstream of the main GFP sequence, we extend the numbering convention to count backward and define M −23 as the true beginning of this protein. Solving the structure of H6:GFP:loop:s10 in a similar manner, we were also able to build residues from the His-tag and thrombin cleavage loop into the groove that was occupied by strand 10 in Superfolder GFP. Although the N-terminal sequence of this construct is shorter by 4 residues (i.e., residue −2 through 1 are missing in this construct, see Supporting Information S.1), we will still define M −23 as the beginning of this protein for ease of comparison. The final refinement models are shown in Figure 3 (collection and refinement statistics in Table S1 ).
In both crystal structures, the His-tag sequence forms a surrogate β-strand that slots into the groove vacated by the native strands. In H6:GFP:loop:s11 ( Figure 3A ), in place of the native HMVLLEFVTAA of strand 11, the main chain of the His-tag and five neighboring amino acids SHHHHHHSSGL form a canonical β-strand with hydrogen bonds to the main chain of residues on flanking strands 3 and 10, and histidine side chains alternating pointing out from and into the β-barrel (see Video S1 where this is highlighted). Similarly, in H6:GFP:loop:s10 ( Figure 3C ), in place of the native NHYLSTQSVLS of strand 10, hydrogen bonds are formed between the His-tag and five adjacent amino acids HHHH-HHSSGLV and flanking strands 11 and 7. In both variants, we find that the inward-facing residues on the His-tag replace key components of the excited state proton transfer (ESPT) pathway. 16 , respectively, in H6:GFP:loop:s10. In both cases, the overall β-barrel shape of GFP is retained, and the remainder of the protein environment near the chromophore remains largely unchanged.
Although both structures are very similar, there are some subtle differences to note. Even though the length of the surrogate β-strand is the same, the residues involved on the H6 are off register by one in that H6:GFP:loop:s11 starts with S −20 , while H6:GFP:loop:s10 starts with the next residue, H −19 . One possible explanation for this is the relative amount of sequence homology between the H6 and the native strands: there is no homology with s11 in either register along the length of the β-sheet, while this particular registry has three common inwardfacing residues with the native strand 10, namely, H 199 , S 205 , and L 207 , out of a total of five possible inward-facing residues, likely biasing the way this strand slots into the vacated groove. The H6 in H6:GFP:loop:s11 connects to strand 1 via an over-thebarrel ∼20 residue linker that most closely resembles the linking region between strand 6 and strand 7 (see topology in Figure 1 ), while the H6 in H6:GFP:loop:s10 connects to strand 11 via a short ∼4 residue linker similar to that between most other strands in the β-barrel fold that are spatially adjacent. In both cases, the chromophore appears to be in the cis configuration, and not trans, as previously posited for H6:GFP:loop:s11 based on preresonance Raman data. 10 However, the positioning of the −OH group (originally from S 65 ) where the chromophore connects back to the main protein chain is different between the two structures. This is due to the formation of a hydrogen bond to H −17 a distance of 2.7 Å away from this S 65 oxygen atom in H6:GFP:loop:s11. This interaction, which is not present in H6:GFP:loop:s10, may be the source of the robust gatekeeping behavior observed in the strand 11 system (see below), where even added native peptide is unable to displace the H6 slotted into this groove until it is vacated following light activation.
Incorporation of the His-tag as a well-defined structural element is highly unusual. While there are examples of structured His-tags appearing in the electron density for structures in the PDB, we have not been able to find any previous case where it is incorporated into the fused protein as a functional element. Previous studies have been conducted in which E 222 on strand 11 18 and T 203 on strand 10 19 have been mutated to histidine. The absorbance spectra of these mutants are qualitatively similar to those of H6:GFP:loop:s11 10 and H6:GFP:loop:s10 ( Figure S2 ). In the former, the chromophore . The ordered water that forms a part of this relay is shown as a red sphere, labeled "w". Strands 7, 10, 11, and the H6 are in orange, blue, magenta, and gray, respectively. H −15 takes the place of E 222 on strand 11, the terminal proton acceptor along this ESPT pathway. Note that H6:GFP:loop:s11 has S 65 , 10 compared to S 65T in Superfolder GFP, which causes E 222 to be oriented differently. 17 (C) Crystal structure of H6:GFP:loop:s10 (PDB ID: 6B7T). The H6 forms a β-sheet and fits into the groove vacated by strand 10. Hydrogen bonding partners along the backbone of neighboring strand 11 and 7 are displayed in stick representation. (D) The ESPT relay in H6:GFP:loop:s10 overlaid with strand 10 from superfolder GFP. Strands 7, 10, 11, and the H6 are in orange, blue, magenta, and gray, respectively. H −14 and S −12 take the place of T 203 and T 205 , respectively, two key components along this relay. See Video S1 for a closer view of the His-tag placement.
population is almost exclusively in the deprotonated B state, and in the latter, the population is almost exclusively in the protonated A state. 20 To further verify that the His-tag is indeed interacting with the chromophore in solution and not an artifact of crystallization, we mutated H −15 in H6:GFP:loop:s11 (positioned where E 222 is in the native fold) to Glu and Gln, and observed subtle changes to the absorbance spectrum ( Figure S5 ). Were the His-tag truly unstructured and not interacting with the chromophore, there is no reason to expect that mutations on this tag would have any impact on the spectral properties of the protein, however subtle. With the Histag acting as a surrogate β-strand, the overall β-barrel of GFP is preserved in H6:GFP:loop:s11, and H6:GFP:loop:s10, leading to their increased stability and solubility compared to their respective counterparts without the His-tag.
Characterization of Truly Truncated GFP. In light of these findings, the protein H6:GFP:loop:s11, while truncated in the sense that the s11 sequence is no longer present, is not truly truncated because an s11 surrogate is present in the form of the His-tag. Therefore, comparing its strand binding and photochemistry to that of H6:s10:loop:GFP is not appropriate. To make a more relevant comparison, we purified and characterized the truly truncated H6:GFP:loop:s11. We found that this protein has a tendency to aggregate, as it comes off earlier in the size exclusion chromatography run compared to H6:GFP:loop:s11 ( Figure S6 ) or H6:GFP:loop:s11•s11 (data not shown), suggesting that the truncated protein likely exists as a higher order oligomeric species when there is nothing to occupy the groove vacated by strand 11. The fluorescence of H6:GFP:loop:s11 provides another interesting observation: the fluorescence quantum yield of the oligomeric truncated species is initially comparable to that of H6:GFP:loop:s11•s11, while the fluorescence quantum yield of H6:GFP:loop:s11 is lowered by a factor of 3 compared to H6:GFP:loop:s11•s11 ( Figure  S7 ) (in contrast, the fluorescence quantum yield of H6:s10:loop:GFP is 30-fold lower than that of s10•H6:s10:loop:GFP), indicating that internal strand binding of the H6 leads to monomerization and a reduction of fluorescence. These observations are consistent with previous studies where highly fluorescent oligomeric GFP complexes lose fluorescence upon monomerization. 21, 22 Strand Binding and Photochemistry. We found that when mixed in solution with excess s11 in the dark, H6:GFP:loop:s11 does spontaneously reassemble, with a rate constant of k = 1.2 × 10 0 M −1 s −1 ( Figure 4A ). This rebinding process is greatly accelerated by irradiation with 15 mW 488 nm light, with k = 2.0 × 10 2 M −1 s −1 ( Figure 4B ). This lightdriven photoassociation rate is very similar to the k = 1.5 × 10 2 M −1 s −1 binding rate reported for s11 binding to light-activated H6:GFP:loop:s11, 10 hinting that the covalently attached but photodissociated H6 is not significantly affecting the binding process in the light-activated strand 11 system. The reassembled H6:GFP:loop:s11•s11 is then able to undergo photodissociation, readily observed by strand exchange in the presence of excess replacement peptide (s11 222Q ) ( Figure 4C ). Additionally, irradiation of H6:GFP:loop:s11 with 488 nm light in the absence of an added strand generates a photostationary mixture of the light-activated species and the starting thermally stable species, with the former relaxing back to the latter with k = 6.3 × 10 2 s −1 ( Figure 4D ). These findings are consistent with the photoassociation phenomenon reported previously in H6:GFP:loop:s11, 10 and also with the photodissociation phenomenon previously reported in H6:s10:loop:GFP, 12 suggesting that photochemistry proceeds with the same mechanism in both the strand 11 and strand 10 systems.
Previous characterization of the photochemistry of H6:GFP:loop:s11, found that light activation of the stable, unreceptive truncated protein generated a photostationary state containing a less stable species that is receptive to peptide binding. 10 The thermal relaxation of the light-activated species back to the dark species follows temperature-dependent Arrhenius behavior with an activation energy of 130 kJ/ mol, 10 which is comparable to model chromophore isomerization activation energies.
14 Due to lack of structural evidence at the time, the previous model proposed that light-activation caused isomerization of the chromophore which is reversed by thermal relaxation, and that properties such as protein stability and peptide receptivity are a function of the isomerization state of the chromophore (i.e., cis is less stable and receptive to peptide, while trans is more stable and not receptive to peptide). In light of the discovery of the His-tag surrogate strand and that the thermally stable form of the H6:GFP:loop:s11 is in fact cis, the previous model must be updated accordingly: what was thought to be the photoassociation of strand 11 was in fact a convolution of the photodissociation of the His-tag strand and the binding of strand 11. A later, in-depth study of the mechanism and bottlenecks of the photodissociation process in similar split GFP systems found that light activation causes cis-trans isomerization that leads to strand displacement, 23 and also demonstrated that a light-activated truncated GFP with a chromophore in the trans state is capable of binding peptide. However, while the premise that receptivity to peptide is dependent on the isomerization state of the chromophore is refuted, many of the previous findings still fit within the phenomenological framework of the old model, updated in light of the new structural information.
Combining the structural evidence with the aforementioned phenomenology, we find interesting parallels between truly truncated H6:GFP:loop:s11 and H6:GFP:loop:s11 and can propose a revised model that is consistent with these observations, summarized in Figure 5 . In this model, the thermally stable form of H6:GFP:loop:s11 is the monomeric complex with the internal H6 occupying the slot left vacant by removal of s11 as shown by X-ray crystallography (Figure 5A ), while the thermally stable form of truly truncated H6:GFP:loop:s11 is the oligomeric complex which appears to block strand binding ( Figure 5B , where a dimer is shown for simplicity). Light activation of these two species generates a similar monomeric species that is able to bind s11 quickly, regardless of the presence of the internal His-tag, (200 M 
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This suggests that once the H6 is photodissociated, it does not significantly influence the properties of the truncated protein until it rebinds. In the absence of peptide substrate, this lightactivated species will relax back to the dark species. The remaining mystery lies in the large discrepancy between the relaxation time scales of the light-activated species. However, the fact that the photostationary state of the light activated H6:GFP:loop:s11 ( Figure 4D , initial spectrum) is different than photostationary state of H6:GFP:loop:s11 10 is likely due to the His-tag strand being bound to the light-activated species, which results in a different, much slower relaxation process. That the relaxation process of light activated H6:GFP:loop:s11 follows a clean isosbestic point 10 is consistent with this observation: the two species involved both have the His-tag bound only differ by isomerization state.
Truncated GFPs and Peptide Promiscuity. It is remarkable that a His-tag can substitute for a β-strand in two different grooves in GFP, with little to no sequence homology and very different chemical environments, so we tested whether the His-tag sequence itself had any propensity to bind to these truncated proteins without being covalently tethered where it has a high effective molarity. The split GFP system offers an unusual opportunity to study peptide−protein interactions with the chromophore as a sensitive, built-in reporter. We quantified the binding affinity of a His-tag-like peptide (denoted H6, see Supporting Information S.1 for sequence) in solution to H6:GFP:loop:s11 by measuring a binding isotherm ( Figure  S8 ). Here, 2 μM of H6:GFP:loop:s11 was mixed with different concentrations of H6 at 298 K and allowed to reach equilibrium. The equilibrium absorbance at 464 nm was plotted as a function of peptide concentration, and fit to a single exponential. From this, the calculated K D = 2.4 μM for the His-tag peptide binding to H6:GFP:loop:s11, in contrast to the subpicomolar affinity for native strand 11 peptide binding.
In the presence of excess His-tag-like-peptide (denoted H6, see Supporting Information S.1 for sequence) in solution, we found that both truly truncated proteins (H6:GFP:loop:s11 and H6:s10:loop:GFP) were able to spontaneously bind H6 peptide in the dark, shown by a change to the absorbance spectrum of the complexed species ( Figure 6A and B) . This binding occurs on a similar time scale to that of native strand binding. We attempted to separate the bound complexes (H6•H6:GFP:loop:s11 and H6•H6:s10:loop:GFP) from the The thermally stable strand 11 system, H6:GFP:loop:s11, is unable to bind s11 in the dark but light activation with 488 nm light displaces the His-tag to generate a species with a different chromophore isomerization state (denoted with star) that is able to rapidly bind free s11. 10 If no added peptide is present, this activated and H6-displaced species relaxes back to the thermally stable species which involves a convolution of the reverse isomerization process and the internal strand rebinding. (B) The thermally stable truly truncated H6:GFP:loop:s11 exists as an oligomeric complex that is able to bind various peptides slowly, presumably because complex dissociation is required. As in panel (A), light activation generates a species with a different chromophore isomerization state (denoted with star) that is able to rapidly bind s11. If there is no peptide present, relaxation back to the thermally stable species involves a convolution of the reverse isomerization process and oligomerization. Figure 1 , i.e., gray, blue, and red for H6, s10, and s11 respectively. As binding occurs, the absorbance spectrum shifts from the free truncated protein in the blue trace toward the bound spectrum shown in the green trace. We note that the exact registry of the strand in the structure of the bound state is unknown. excess H6 peptide via size exclusion chromatography. However, these complexes dissociated back into their constituents over time scales similar that of strand binding; in the case of H6•H6:s10:loop:GFP, the complex was not observed as it had dissociated before its absorbance spectrum could be taken. This long time scale for the H6 strand dissociation is in contrast to the very slow (days) time scale of the native strand exchange, suggesting that H6 binding to H6:GFP:loop:s11 and H6:s10:loop:GFP reflects the high concentration of the added strand and not anything unique about the sequence itself.
As a further demonstration of the promiscuity of truly truncated GFP species to strand binding, we were able to bind each truly truncated protein to the peptide complement of the construct; i.e., we bound s11 to H6:s10:loop:GFP ( Figure 6C ) and s10 to H6:GFP:loop:s11 ( Figure 6D ) under pseudo-firstorder conditions with excess peptide. We monitored the binding by observing changes to the absorbance spectra over time, and separated the complex away from the excess peptide via size exclusion chromatography. The subtle changes to the absorption spectrum are an indicator that the chromophore environment in GFP is being perturbed by the addition of this non-native peptide, and mass spectrometry of the monodisperse protein peak that elutes off during size-exclusion chromatography contains mass fragments that match with the truncated protein and that of the non-native complementary peptide. In the former case, we created s11•H6:s10:loop:GFP on a similar time scale to H6 and s10 binding. As with H6 binding previously, this complex falls apart during its purification by size exclusion chromatography. In the latter case, we created s10•H6:GFP:loop:s11 on a similar time scale to H6 and s11 binding; this complex can be successfully isolated via size exclusion chromatography (the absorbance spectrum does not revert back to that of H6:GFP:loop:s11 over the same time scale as peptide binding). Excess s11 added to this isolated complex is able to displace the bound s10, and light accelerates this process (data not shown). Both of these experiments further reinforce the conclusion that other strands can be used to intramolecularly complement a truly truncated GFP, and that histidine residues are not necessary for this interaction.
The tolerance of these truncated GFP species to non-native sequences may be a feature unique to the β-barrel structure of GFP. Our added peptides do not contain proline residues or very bulky inward-facing substitutions in the region of interest, allowing for the robust hydrogen bonding template of the flanking strands to dictate the binding for sequences that can have no sequence homology to the native strand (e.g., H6 and s11). This is also consistent with the variety of fluorescent proteins that adopt the same overall fold as GFP, but have low sequence homology. For example, Azami Green from the stony coral only has about 27% sequence homology to GFP, despite having similar spectral properties. 24 We do note that absent structural evidence, we can only determine spectrally and via mass spectrometry (Supporting Information S.3) that a complex is being formed, but cannot comment on the exact registry of the binding.
Revised Model Unifies Properties of Split Proteins. Our analysis began with a summary of the apparent differences between the behaviors of the strand 10 and strand 11 systems as defined in Figures 1 and 2 . While all of the kinetic and thermodynamic data in ref 10 and ref 12 are established, the model developed to explain the data for the strand 11 system was quite different from that of the strand 10 system because the unique role of the His-tag was not realized. These crystal structures help to demystify many of the phenomena previously observed and thought to differentiate the two systems. Removal of the His-tag from H6:GFP:loop:s11 generates a truly truncated protein (H6:GFP:loop:s11) that is receptive to peptide binding in the dark, and whose reassembled complex is capable of undergoing photodissociation, much like that of truly truncated H6:s10:loop:GFP. Because H6:GFP:loop:s11 was found to have a surrogate β-strand in place of strand 11, it is not a truly truncated protein, but instead a photoreactive caged protein where the His-tag acts as a competitive inhibitor 25 to exogenous strand binding. Light-driven photodissociation is required to expel the His-tag and free up the groove before the protein can rebind exogenous s11. This behavior is consistent with the photodissociation phenomena o b s e r v e d i n b o t h H 6 : G F P : l o o p : s 1 1 • s 1 1 a n d s10•H6:s10:loop:GFP. Overall, the two systems that were thought to be distinct now converge to the same model. Furthermore, it is an interesting and potentially useful property that an internally bound sequence can be photodissociated without being cleaved. For example, fusion of the truncated protein containing the His-tag to a target of interest and the complementary peptide to cargo would grant one-time optogenetic control over the delivery of the cargo to the target. This finding is a step toward the goal of generating a multiple turnover bistable switching GFP where light-driven strand exchange can toggle between two binding modes of a bistable switching GFP, which was first proposed by Do and Boxer. 13 Previous efforts to generate this two-tailed split GFP system required cleavage of the attached strand before strand exchange could occur; this cleavage requirement greatly limits the utility of such a system in biological applications since a protease coenzyme must be present to enable activity. The promiscuity of truncated GFPs to peptide binding suggests that directed evolution may be used to select for sequences suitable for this application, i.e., sequences that can associate to the truncated protein while covalently tethered, and photodissociate at different irradiation wavelengths to allow for switching between the two binding modes.
■ CONCLUSION
To summarize, we report a highly unusual configuration for a His-tag, which adopts a β-strand configuration in two truncated GFPs. The discovery of this strand resolves many of the mysteries about the differences between two seemingly similar systems of split GFPs, although some mysteries still remain. The His-tag sequence has the useful property of being able to photodissociate despite being covalently attached, and the promiscuity of truly truncated GFPs to similar non-native sequences of varying levels of homology invites the possibility of rational design or directed evolution of sequences optimized for strand binding and dissociation, with potential applications in optogenetics. Table S1 : X-ray data collection and refinement statistics 13
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S.1 Sequence Information

Protein Sequences
Proteins used in this study are adapted from Superfolder GFP 
Protein Cleavage
Lyophilized trypsin (from bovine pancreas, Sigma) was dissolved in 1 mM HCl to make 10 units/μL trypsin solution and this was mixed with purified whole protein at 100 units per 1 mg of protein in solution such that the overall protein concentration was in excess of 1 mg/mL in lysis buffer. These solutions were incubated for 30 minute at 296K, after which point the reaction was quenched with a protease inhibitor cocktail. In the case of H6:GFP:loop:s11, we extended the incubation period to 180 minutes at 296K to ensure that the cleavage product is uniformly cut to K 214 instead of producing a mixture with the product that contains the subsequent GTR residues. The cleaved proteins were separated from the protease by anion exchange chromatography in 20 mM Tris pH 8.0 using a salt gradient from 10 mM NaCl to 1 M NaCl.
Isolation of the Truncated Proteins
Digested and purified protein was unfolded in denaturing buffer (6M Guanidinium HCl, 50 mM Hepes and 300 mM NaCl at pH 8.0) The denatured sample was applied to a size exclusion column (Superdex  TM 75 10/300) equilibrated with denaturing buffer to separate the truncated proteins from their complementary peptides. The truncated proteins are partly refolded in lysis buffer by diluting the denaturing buffer more than 100 fold to reach a final protein concentrations of ~10 μM. To completely remove the guanidinium hydrochloride and isolate the truncated protein monomer from aggregates, the partially refolded sample was applied to the size exclusion column equilibrated with lysis buffer. The monomer fraction was collected for further experiments.
S.3: Instrumentation and Methods
Optical Spectroscopy
A Lambda 25 UV/Vis Spectrophotometer (Perkin Elmer) was used for all absorbance measurements. All spectra were recorded at a resolution of 1 nm, and protein concentrations were in the low μM range.
Excitation and emission spectra were measured using a LS55 Fluorescence Spectrometer (Perkin Elmer). All spectra were recorded at a resolution of 1 nm, and protein concentrations were in the 100 nM range.
Mass spectroscopy
A Micromass nanoESI APIUS Quadrupole Time-of-Flight mass spectrometer was used for all protein mass measurements. All samples had the buffer exchanged into double deionized water before being injected into the spectrometer. Mass values agree with previously published results.
Concentration determination
6
The relative absorbance at 447 nm before and after denaturing the protein in 0.1M NaOH was used to estimate the concentration of the protein through the known 447 nm extinction coefficient of the GFP 
Data Collection and Structure Refinement
The x-ray diffraction data for H6:GFP:loop:s11 and H6:GFP:loop:s10 were collected on BL 14-1 and BL 12-2, respectively, at the Stanford Synchrotron Radiation Lightsource 3 (Menlo Park, CA). All data were obtained at 100 K. In the former case, the data processing (indexing, integration, scaling, and merging) was done with HKL2000 4 and converted to .mtz format using CCP4 5 . In the latter case, the data processing was done with XDS 6,7 using the autoxds script 
